Fibre optic sensors where embedded in an FRP panel during manufacture. Strain data was collected under uniform distributed loading and used to inversely predict distributed loads.
FIBRE BRAGG GRATING -FIBRE OPTIC SENSORS
Fibre optic sensors, being at a micro scale, have promise in being embedded into the material for accurate internal measurement. Other benefits include: immunity to electromagnetic fields, non-corrosive and ability to multiplex, to name a few. The wavelength reflected in a Bragg grating sensor obeys the following relationship:
Where λ is the back reflected Bragg wavelength, n is the average refractive index of the core and Λ is the spacing between the gratings. When an FBG undergoes strain in the axial direction the gratings increase in size and in turn light is reflected with a higher wavelength. This change can be detected by a change in reflected spectrum peak (dB) reading. The change in peak wavelength is linearly proportional to the strain in the sensor and is used as a reliable strain sensor.
Due to the applied strain, ε, there is a change in the wavelength, Δλ B , for the isothermal condition,
where Pe is the strain optic coefficient which is available from the manufacturer or easily obtained by a load test. Recently, research has been in the area of obtaining more information from the reflected spectrum other than peak data. 
WORK OF OTHERS
Changes in the spectrum have been analysed to find indicators of stress gradients [2] , localised compression of the fibre [3] , fatigue [1] and damage [5] .
EMBEDDING SENSORS DURING MANUFACTURE

Multi-directional Network
A sensor network was designed to be capable of detecting loads from multiple directions and in several load cases. The network consists of 6 FBG sensors in a rosette pattern -oriented at 0, 180, +90, -90, +45 and -45 degrees. The sensors where labelled 00-1,00-2,90-1,90-2,45-1,45-2 respectively. The sensors where placed 20mm from a central point of the loading for an expected improved load detection. The sensors used where 100um diameter with a central wavelength in the 1500nm range.
Manufacture
A trial panel was produced with polypropylene based reinforcement (Innegra) and epoxy by a hand lay-up technique. A glass surface prepared with wax was used as the mould. The sensors where placed between the first and second layer of fibre reinforcement resulting in the sensors being one single layer from the outer surface. They were held in place by taping the ends to the mould beyond the panel size. The optical fibres were also protected by taping them to each other. Connectors and excess cable was wound and held in an infusion bag to keep them clean. The final entry and exit points of the fibre optics where at the ends of the panel.
MATERIAL TESTING
By specimen testing, the following properties where found for the Innegra Epoxy material: E modulus = 6,300MPa, v=0.29, Tensile strength =75MPa. An MTS 100kN machine was used testing to ISO 527 -Laminate Tension -Biaxial Ext with an extensiometer.
TEST PLAN
Tests where planned at low stress (<1000 microstrain) to ensure damage did not occur to the panel during the first stage of tests. Damage detection will be covered at a later stage of the project. A simply supported panel under distributed loading was seen to have wide application and a good starting point for the study. Distortions in the reflected spectrum is known to be caused by compression and combined loads [3] . With this in mind a fully supported uniformly distributed load to cause even compression over the panel is also planned.
FEA OF SIMPLY SUPPORTED PANEL UNDER UDL
The panel was modelled using Strand7 with 12545nodes/4096 plates as a laminate of 8 ply of 0.5mm thickness each. The FEA was conducted to match the test setup: 200x200x4mm panel simply supported with a uniformly distributed load of 2.453kPa which is equivalent to a 10kg load equally distributed. The expected maximum strain in the panel is 753microstrain on the lower face.
LOAD TESTING
The 200x200x4mm panel was tested under uniformly distributed loads (UDL) from 1kg to 10kg in 1kg increments. The spectrum data was captured for all sensors with Micronoptics SM125 and fed into analysis software developed using Matlab.
SIGNAL PROCESSING
The reflected spectrum showed distinct peaks with a fairly consistent shape throughout the loading. The top of the peaks showed some noise that was treated by applying a seven point average function to smooth the data. Minor peaks indicated distortions existing in the sensor due to sensor manufacture and possibly uneven curing rates. To aid in tracking the peaks and spectrum distortions, indicator points where chosen at 95%, 70% and 50% of maximum.
The spectrum width at 50%, also known as full width at half maximum (FWHM), is commonly used in signal analysis. The spectrum indicators are proposed to be a simplified method for tracking changes in the spectrum and therefore find better indications of damage. Peak detection was also trialled using the 95% data points since little distortion is found in this region. A midpoint wavelength is found between the two points as an estimated peak wavelength. The corresponding strain was calculated and is compared to show a greater accuracy in matching the FEA data. 
Simply Supported Uniform Distributed Loading
Proc. of SPIE Vol. 8793 87930L-6 One approach to compare the reflected spectrum over time is to take the full width at half maximum and divide by the power range to give a type of shape factor [3] . Changes in this factor over time are then tracked for large changes. This procedure was conducted for the sensor data and presented below. Another simple approach is proposed that would indicate distortion by the gradient of the line of symmetry of the spectrum. An ideal spectrum has an axis of symmetry that is vertical -that passes through the peak and the midpoint of the width at any height. To determine the variation from ideal spectrum, the gradient of the line passing through the mid points of the widths at 95% of maximum and 50% of maximum is found. Both the sign and magnitude of the gradient indicate the shape of the spectrum. A positive gradient indicates that a greater area is found at a lower wavelength than the peak and a negative gradient indicates that a greater area is found at a higher wavelength than the peak. Dramatic changes in this gradient is proposed to indicate evidence of combined loading and possibly early failure detection.
The figure below shows the results of finding the gradient of the estimated line of symmetry about the 50% and 95% widths. The gradient calculation appears to be stable for the 0 and 90 degree sensors but appears to be a little sensitive for the 45 degree sensors. Generally, without major changes present, they indicate a good spectrum where a clear peak is present.
Uniform Distributed Compressive Load
The sensors where tested under a compressive load distributed over the panel that was fully supported from below. The sensor strain and FEA are compared in the next figure. It is clear that out-of-plane strain on the sensor produces inaccurate strain reading when relying on only the peak data. Sudden jumps in strain values is believed to be from the fibres at 90 degrees to the sensors that engage part of the sensor during compression. This leads to increased concentrated loads on small areas of the sensor. The strain calculated from the estimated peak from the 95% indicator points showed improved correlation with FEA predictions. It was also observed that the plot line was less prone to sudden changes. Indications of distortion where found using the normalised FWHM approach and the gradient of the estimated line of symmetry. The two results were calculated as a percentage change from original for the compression load. The changes in the gradient of the line of symmetry appear to be more sensitive to the changes in the spectrum shape than the FWHM approach ( Figure 12 ). The changes for both sensor 00-1 and 00-2 are the same and appear to show positive movements at 0.5kPa and 2.5kPa. This indicates that points of the spectrum at 50% of maximum are at a lower average wavelength than before. This can be due to more strain distribution found across the sensor than previously found. This could indicate localised distortion of the sensor due to engaging with the fibre reinforcements even though the load is uniform. The sensors at +/-45 degrees show almost opposite movements in the gradient to each other. This is expected due to their orientation. Changes in gradient for all sensors was less than +/-25% which indicates only slight distortion but no torsional loads or damage.
Future Work:
This work is ongoing and will next focus on non-uniform distributed load detection and damage detection. 
